To quantify the risk of hospital admission in relation to fine increments in body mass index (BMI). DESIGN, SETTING AND PARTICIPANTS: Population-based prospective cohort study of 246 361 individuals aged X45 years, from New South Wales, Australia, recruited from 2006-2009. Self-reported data on BMI and potential confounding/mediating factors were linked to hospital admission and death data. MAIN OUTCOMES: Cox-models were used to estimate the relative risk (RR) of incident all-cause and diagnosis-specific hospital admission (excluding same day) in relation to BMI. RESULTS: There were 61 583 incident hospitalisations over 479 769 person-years (py) of observation. In men, hospitalisation rates were lowest for BMI 20-o25 kg m À 2 (age-standardised rate:120/1000 py) and in women for BMI 18.5-o25 kg m À 2 (102/1000 py); above these levels, rates increased steadily with increasing BMI; rates were 203 and 183/1000 py, for men and women with BMI 35-50 kg m À 2 , respectively. This pattern was observed regardless of baseline health status, smoking status and physical activity levels. After adjustment, the RRs (95% confidence interval) per 1 kg m À 2 increase in BMI from X20 kg m À 2 were 1.04(1.03-1.04) for men and 1.04(1.04-1.05) for women aged 45-64; corresponding RRs for ages 65-79 were 1.03(1.02-1.03) and 1.03(1.03-1.04); and for ages X80 years, 1.01(1.00-1.01) and 1.01(1.01-1.02). Hospitalisation risks were elevated for a large range of diagnoses, including a number of circulatory, digestive, musculoskeletal and respiratory diseases, while being protective for just two-fracture and hernia. CONCLUSIONS: Above normal BMI, the RR of hospitalisation increases with even small increases in BMI, less so in the elderly. Even a small downward shift in BMI, among those who are overweight not just those who are obese, could result in a substantial reduction in the risk of hospitalisation.
INTRODUCTION
Obesity rates have doubled or tripled in many countries over the past three decades, and in almost half of all Organisation for Economic Co-operation and Development countries 50% or more of the population is now overweight or obese. 1 It is known that obesity, and to a lesser extent overweight, increases the risk of mortality 2, 3 and many chronic diseases. 4 However, while pooled analyses have provided reliable evidence of increasing mortality with incremental increases in body mass index (BMI) above the normal range; 2, 3 there is more limited information on the precise relationship between BMI and other important measures of disease and health service use, such as hospitalisation. [5] [6] [7] [8] [9] [10] [11] Moreover, while there is considerable evidence supporting the link between obesity and these outcomes (particularly total hospital use), the evidence on the risk of outcomes in people who are overweight but not obese is less clear. Further, there is little on the relationship between incremental changes in BMI and risk of being hospitalised, and how this might vary according to factors such as age (particularly in older age), pre-existing disease and other personal characteristics, and on the differential risks for hospitalisation for specific diagnoses. Studies of the gradient in risk add to the evidence on the health consequences of abovenormal BMI relating to both fatal and non-fatal diseases and the likely optimal BMI.
In this study, we aim to quantify the relative risks (RRs) of hospitalisation according to BMI. We report on the relationship of increasing increments of BMI to the risk of hospitalisation, including how the relationship varies by sex and age (particularly older age groups), across levels of smoking and physical activity, and for hospitalisation for a range of diagnoses. of Australia's universal health insurance provider, Medicare Australia, which provides virtually complete coverage of the general population, and were invited to take part. There were no exclusion criteria and the Study oversampled, by a factor of two, individuals aged 80 years and over and people resident in rural areas. Participants joining the study completed a baseline questionnaire (between January 2006 and April 2009) and gave signed consent for follow-up and linkage of their information to a number of health-related databases. The overall response rate was 18% meaning that 10% of the entire NSW population aged 45 and over were included. Further details of the Study are described in a separate publication, 12 and questionnaires can be viewed at http://www.45andup.org.au.
Baseline survey data from the study participants were linked to individual death data from the NSW Registry of Births, Deaths and Marriages (to June 2010), hospital data from the NSW Admitted Patient Data Collection (July 2000-June 2010), and cancer data from the NSW Central Cancer Registry (Jan 2000-date of baseline survey). The NSW Admitted Patient Data Collection includes records of all hospitalisations in NSW, dates of admission and discharge and the primary and additional reasons for admission (coded using the International Statistical Classification of Diseases and Related Health Problems, Tenth Revision, Australian Modification (ICD-10-AM)). 13 The NSW Central Cancer Registry contains information on type of cancer diagnosis and date of diagnosis, and the NSW Registry of Births, Deaths and Marriages includes information on the date of death. Data were linked probabilistically by the Centre for Health Record linkage using personal information (including full name, date of birth, sex and address), and the quality assurance data show false positive and negative rates for data linkage of o0.5% and o0.1%, respectively. 14 The main exposure, BMI, was calculated from weight and height as selfreported on the baseline survey. Because of the increased risk of measurement error in extreme BMI categories, and consistent with previous well-known studies (for example, Berrington et al. 2 and Whitlock et al.
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), participants with BMI450 kg m À 2 or BMIo15 kg m À 2 were excluded. BMI was then categorised using the following cut-points (WHO weight classification 15 in brackets): 15-(underweight); 18.5-, 20-and 22.5-(normal weight); 25-and 27.5-(overweight); 30-and 32.5-(obese class I); and 35-(obese class II-III). Data on potential confounding and modifying factors were derived from self-reported data from the baseline questionnaire.
The main outcome of interest was incident hospitalisation, defined as the first hospital admission after recruitment into the study, which involved at least one night in hospital (that is, day admissions to hospital were excluded), ascertained through linkage to the Admitted Patient Data Collection. We also examined incident hospitalisation for specific diagnoses, defined according to final primary diagnosis at discharge, based on the ICD-10-AM code (specific codes listed in Table 3 ). Where the admission was part of a transfer, the primary diagnosis of the first admission in the transfer was selected. The diagnoses examined in the analysis were selected based on a priori knowledge of conditions known to be associated with obesity, 4 or to be major contributors to the burden of disease in Australia, 16 or if they were among the top 20 diagnoses in this study (excluding rehabilitation and surgical follow-up care and complications following a procedure).
Survival methods were used to analyse the data, using age as the underlying time variable. Participants were followed from the date of recruitment to either the date of first hospital admission (any or causespecific) or death, or 30 June 2010 (the last date to which hospital data were available), whichever occurred first. Incident hospitalisation rates, standardised using 5-year age groups, were calculated according to baseline BMI. Rates were stratified by sex and age group (45-64, 65-79 and X80 years). We also examined rates stratified by smoking (never, past and current) given its strong association with both BMI and health outcomes, and by prior serious illness and tertile of physical activity given the complex relationship between these factors and BMI, including that they may lie on the causal pathway between BMI and health outcomes. Prior history of serious illness was defined as at least one of the following: a cancer diagnosis in the 5 years before enrolment (excluding nonmelanoma skin cancer), ascertained from the cancer register; a hospital admission within the 5 years before enrolment that included a diagnosis of circulatory disease, diabetes or chronic obstructive pulmonary disease, ascertained from the hospital admission data; or a doctor diagnosis of either cancer, heart disease, stroke or diabetes self-reported on the questionnaire. Physical activity was assessed with the Active Australia questionnaire, 17 which has documented reliability and validity. 17, 18 A score is generated based on the number of weekly sessions of walking, moderate and vigorous activity, weighted for intensity. This was categorised into tertiles. Interaction effects were tested using the likelihood-ratio test, comparing models with and without the interaction terms.
Cox regression was used to estimate the hazard ratios (referred to henceforth as relative risks (RRs)) for incident hospitalisation according to BMI. For all-cause hospitalisations, the analyses were performed separately for men and women and were stratified by age group (45-64, 65-79 and X80 years). The reference BMI group was 20-o22.5 kg m À 2 and tests for linear trend were also performed excluding those with a BMI of o20 kg m À 2 . Adjustment was made for potential confounding variables, including area of residence (major city, regional or remote based on the Accessibility/ Remoteness Index of Australia Plus, 19 derived from postcode of residence), education (six categories from 'did not complete secondary school' to 'university degree'), pre-tax annual household income (seven income brackets, from AUD 'o$5000' to '$70 000 or more per year'), smoking (never, past and current), alcohol intake (0/1-14/15 or more drinks per week), and private health insurance (additional to universal health insurance). Participants with any missing values on any of these variables were assigned to a separate category for that variable. In addition, we performed a sensitivity analysis to examine the possible impact of any potential reverse causality, that is, the effect of illness on baseline BMI, by excluding all py and hospitalisations in the first year of follow-up. We also examined the effects of additional adjustment for country of birth, classified into 13 regions, with a separate category for 'Australian-born' based on a modified version of that used in the Global Burden of Disease Study. 20 For hospitalisations for specific diagnoses, we stratified by age group, but combined males and females, and used broader BMI categories, comparing rates in overweight (25- ), in order to retain statistical power, while adjusting for all confounders including sex. The proportional hazards assumption was satisfied for all models. All analyses were performed using Stata version 12.0. 
RESULTS
After excluding those with BMI o15 kg m À 2 (n ¼ 303) or 450 kg m À 2 (n ¼ 2463) or missing (n ¼ 17 600), we followed 246 361 participants (92.4%), with the average time between baseline survey and end of the study period (or death) being 2.3 years (range: 1 day-4.5 years).
The characteristics of the sample are shown in Table 1 . Just under half the sample (47%) comprised men, with the majority of participants (62%) aged 45-64 years and 10% aged 80 years or older. Regarding BMI, 62% of the sample were overweight or obese (40% and 22%, respectively), two-thirds of men (47% overweight and 22% obese) and just over half of the women (33% overweight and 23% obese); this proportion was considerably lower in those who were aged 80 years or older (48% overweight/ obese).
There were 61 583 incident hospitalisations over 479 769 py of observation; a rate of 128 per 1000 py (95% confidence interval (CI): 127-129) overall, 143 (95% CI: 142-145) in males and 115 (95% CI: 114-117) in females. Age-adjusted incident hospitalisation rates according to BMI are presented in Figure 1 . Among men, incident hospitalisation rates were lowest in those with a BMI between 20 and 25 kg m À 2 (age-adjusted rate of 120 per 1000 py) and among women with a BMI of between 18.5 and 25 kg m , there was a significant linear trend of increasing rate of hospitalisation with increasing BMI (Po0.001 for both males and females).
When examined separately by age group (Figure 2 ), while the absolute rates of hospitalisation rose with increasing age, as expected, the pattern of rising relative rates of hospitalisation with increasing BMI was attenuated with increasing age. After adjustment for potential confounding variables (see Table 2 ), the trend of increasing hospitalisation with increasing above-normal BMI remained apparent with trends in both men and women stronger in the youngest age group (RR 1.04 per 1 kg m À 2 increase) and weaker in the X80 age group (RR 1.01 per 1 kg m À 2 increase). Among those aged 45-64, the risk of hospitalisation for the severely obese group (BMI 35-50 kg m À 2 ) was around twice that of the group with normal BMI (male RR:1.86, 95% CI:1.69-2.05; female RR:2.09; 95% CI:1.96-2.23), and among those aged 65-79 years the corresponding risks were around 50-60% higher (male RR:1.48, 95% CI:1.34-1.64; female RR:1.61; 95% CI:1.47-1.76). In people aged 80 years or older, although risks were elevated in those with a BMI of 27.5 kg m À 2 or higher and the overall trend was significant, there was considerable overlap in the confidence intervals of these risk estimates. Additional adjustment for region of birth made no material difference to the results (not shown). The sensitivity analysis excluding the first year of follow-up (n ¼ 242 829; 39 821 events over 282 243 py) showed little change in the RRs (see Supplementary Table) .
To allow for closer examination of the effect of prior serious illness, smoking status and physical activity on the relationship between BMI and hospitalisation, age-adjusted rates are also presented separately for those with and without serious illness, by current, past and never smokers and by tertile of physical activity ( Figure 3 ). These show that the trend of increasing rate of hospitalisation as BMI increased from normal weight to severely obese was apparent regardless of history of prior serious illness, smoking status or physical activity level. These trends remained in the Cox regression analyses, following adjustment for potential confounding factors, and there was no significant difference in the relationship between BMI and hospitalisation in any sex/age group examined, except among males aged 45-64 (P(interaction) ¼ 0.002), where the strength of the relationship was weaker among current smokers than past or never smokers (RRs per 1 kg m À 2 increase in BMI where BMI420 kg m À 2 of 1.02 (1.01-1.03), 1.04 (1.03-1.05) and 1.04 (1.04-1.05), respectively), and among males aged X80, where the effect size was stronger in those with high than lower levels of physical activity (RRs per 1 kg m À 2 increase in BMI where BMI420 kg m À 2 of 1.00 (0.98-1.01), 1.02 (1.01-1.03) and 1.04 (1.02-1.05), in lowest, middle and top tertile of physical activity, respectively).
The rates of hospitalisation due to specific diagnoses in overweight and obese individuals, relative to those of normal weight (18-o25 kg m À 2 ), are presented in Table 3 for the three age groups (males and females combined). For most diagnoses there was an increased risk of hospitalisation associated with obesity and to a lesser extent overweight, with effect sizes generally weaker with increasing age. The diagnoses for which these relationships were particularly strong-that is, where the effect sizes were at least moderate, showed a gradient from overweight to obese and were evident in both younger and older age groups-included diabetes, ischaemic heart disease, chest pain, diverticular disease, gallbladder disease, osteoarthritis, asthma (excluding 65-79 year age group), sleep apnoea and cellulitis. Risks were also elevated in the 45-64 year old age group for atrial fibrillation and cerebrovascular disease, as well as for depression (a non-significant reverse trend was shown in the older people) and prolapsed uterus. Overweight/obesity appeared to be protective for two conditions-hernia and fracture (particularly in the X80 age group).
DISCUSSION
The risk of hospitalisation rises gradually with increasing abovenormal BMI, in both men and women. This pattern of increasing risk is evident among past, current and never smokers and among both physically active and inactive people. The RRs of hospitalisation associated with above-normal BMI are highest among younger mid-age adults (45-64 years), with the risk of hospitalisation among those with a BMI435 kg m À 2 approximately double that of those with BMI 20-o22.5 kg m . RRs are not as high in the older mid-age people (65-79 years) but are still substantial, while the pattern of increasing RR of hospitalisation with increasing above-normal BMI is fairly weak in older people (80 years and older). The increased risk of hospitalisation associated with overweight and, to a greater extent, obesity is evident for a large range of conditions in all the age groups, including those aged 80 years or more.
Causality between BMI and hospitalisation cannot be confirmed in this study. However, the dose-response relationship between BMI and hospitalisation among those with a BMIX25 kg m À 2 , which remained after adjusting for a range of important confounders and after stratification for smoking and physical activity, and which was evident for a large range of causes consistent with previous evidence, 4 supports a causal relationship. Together with the knowledge that hospitalisation is a costly and not uncommon event, and that there is a high prevalence of overweight and obesity in the population (in Australia, 40% of people aged 45 and over are overweight and 30% are obese 22 ), the findings indicate that overweight, not just obesity, is a substantial contributor to health service use and health costs in the population.
The findings of increasing risk of hospitalisation with increasing BMI are broadly consistent with other studies, which have shown that obesity, but less consistently overweight, is associated with increased rates of hospitalisation, in either the shorter or longer term. [5] [6] [7] [8] [9] [10] [11] It is also broadly consistent with findings of stronger associations among mid-age than older people in some studies, 9, 11 although others have found no clear patterns with respect to age. 6 While caution should be applied in interpreting the absolute value of BMI at which risk increases, the level at which risk of hospitalisation was lowest in this study-20-o25 in men and 18.5-o25 kg m À 2 in women-is also consistent with these previous studies, as well as with studies on BMI and incidence of disease 4 and all-cause mortality. 2, 3 That risks were lowest in these ranges is also concordant with the WHO definition of 18.5-o25 kg m À 2 being in the 'normal' range, with the exception that in our study risk was actually elevated in the low normal weight range (18.5-o20 kg m À 2 ) among the younger men. This may partly reflect reverse causality due to pre-existing disease, as hospitalisation rates were not elevated in this low normal weight range among people without serious pre-existing disease.
We found overweight, and to a greater extent, obesity is associated with an increased risk of hospitalisation for a heterogeneous range of conditions. These included potentially . Different scales are used for different age groups.
Body mass index and the risk of hospitalisation RJ Korda et al Table 2 . Body mass index and the risk of hospitalisation RJ Korda et al life-threatening diseases such as cardiovascular disease, stroke (in younger obese men), diabetes and asthma, and also common, high-cost and high-morbidity conditions, such as osteoarthritis, diverticular disease, dorsopathy, gallbladder disease, sleep apnoea and uterine prolapse. Although we also found above-normal BMI is associated with a reduced risk of hernia and fracture, particularly in the older age group, the sum total of the relationship between BMI and hospitalisation is adverse. While the association between obesity and most of these conditions is fairly well established, 4, [23] [24] [25] [26] [27] [28] [29] [30] [31] their investigation in a single population-based data set is relatively novel and allows both a general perspective on the conditions associated with both obesity and overweight, as well as insights into the diagnoses underlying the observed elevation in overall hospitalisation rates. The 45 and Up Study is an order of magnitude larger than previous studies investigating the relationship of BMI to hospitalisation, enabling the risks associated with small incremental changes in BMI to be examined. This is particularly useful as doseresponse relationships can provide a good indication of the magnitude of risk and likely causality. The inclusion of individuals aged over 80 also meant that we had the power to examine variations in risk in the very old, an increasingly important group as the population ages, yet one which is often excluded (or at best aggregated) in population health studies. Another advantage of the study was the ability to link to administrative records, allowing virtually complete, and objective, ascertainment of outcomes over time. Use of hospitalisation records meant we could capture the risks of both fatal and non-fatal serious diseases associated with BMI. The ability to link these records to survey data meant that we were able to adjust for a range of factors other than BMI that might influence hospitalisation.
A limitation of our study is that BMI was the only anthropometric measure available and this measurement was based on self-reported weight and height at recruitment. It is well Never smoked Figure 3 . Age-standardised hospitalisation rates (with 95% CI) by BMI, stratified by (a) prior history of serious illness; (b) smoking status; and (c) tertile of physical activity. Diamonds, squares and triangles correspond to the median BMI in each category. Prior serious illness includes circulatory disease, diabetes, chronic obstructive pulmonary disease and cancer. Test for trend where BMIX20 kg m À 2 ; Po0.001 for all strata of illness, smoking and physical activity, in both males and females. 33 This means that self-reported data are useful for research investigating the RRs of disease and other health outcomes comparing incremental changes in BMI, and although bias in the RR estimates cannot be ruled out, a recent study using National Health and Nutrition Examination Survey data showed that mortality RRs based on self-reported BMI data were for the most part not significantly different from those based on measured BMI. 34 Further, BMI was only measured at one point in time, which does not take into account duration of obesitythis may enhance risk estimates over and above BMI level alone. 35 Another limitation is that, like most population-based cohort studies, response rates were relatively low and the potential for a 'healthy cohort effect' means that the estimates of RRs shown here are likely to be conservative. We estimated the age-adjusted total hospitalisation rates (excluding day admissions) in the 45 and Up cohort (233 and 217 per 1000 py for males and females, respectively) and found these were only 11-12% lower than for the rates in the Australian population of the same age (respectively, 263 and 246 per 1000 py). 36 Moreover, it is important to note that RRs, comparing groups within the cohort, remain valid and can be generalised more broadly. 37, 38 It is evident from this and previous research that overweight and obesity are associated with an increase in the risk of hospitalisation across a large range of diagnoses. While it is reasonable to attribute at least part of the increased risk to increased adiposity, some caution should be applied. First, BMI is an imperfect measurement of adiposity and in different populations such as young fit men with high muscle mass or the elderly, BMI alone may not be a good measure of adiposity. Second, although longitudinal in design, we cannot totally disentangle the effects of complex disease pathways, and in particular reverse causality. The effect of disease on subsequent weight loss is especially an issue for cancer-related diagnoses, although the relationship between BMI and hospitalisation remained even when those with a diagnosis of cancer and other serious illness before entry into the study were excluded, and also when the first year of follow-up was excluded. Any such reverse causality may lead to an underestimate of the effect of above-normal weight on hospitalisation. It can also lead to an overestimate of the effect of underweight and these effects are observed in studies with longer follow-up. 2, 3 In some cases, reverse causality may also work in the opposite direction, leading to an overestimation of effects. For example, with sleep apnoea not only has obesity been linked to an increased risk of developing this condition, but sleep apnoea can also lead to an increase in obesity. 28 Even the relationship between obesity and cardiovascular disease is complex and not limited to the standard risk factors such as hypertension, dyslipidemia and diabetes. 10 Some studies on BMI and hospitalisation adjust for pre-existing disease (such as cardiovascular disease and diabetes) to limit the possibility of reverse causality, but as pre-existing disease may lie on the causal pathway between above-normal BMI and hospitalisation, adjusting for these diseases could constitute overadjustment and inappropriately attenuate risks.
While previous studies have adjusted for smoking, there are concerns that because smoking is so strongly associated with illness, and also BMI, and the amount of smoking may be imperfectly measured, that simple adjustment for smoking is insufficient. By stratifying our results according to smoking, we were able to show clearly the risks of hospitalisation associated with BMI independently from smoking status. Similarly, the relationship between physical activity, BMI and hospitalisation is complex, and by stratifying by physical activity we were able to show the effect of BMI on hospitalisation was evident regardless of physical activity level. That this finding was shown to hold even in the inactive population is important, as BMI as a measure of adiposity is most valid in this population. 39 It is unclear why the strength of the association between BMI and hospitalisation declines with increasing age; there are a number of possible explanations. First, in elderly people, BMI may not be a good measure of adiposity because as one ages, height decreases, lean body mass decreases, and adipose tissue increases without weight gain, with the possible development of sarcopenic obesity. 40 There is also a greater probability of reverse causality because older people have a greater number of health conditions that result in weight loss. Second, a likely contribution to the decline in the association between BMI and hospitalisation with age is the survival effect, as those with higher BMIs and/or those most susceptible to the effects of BMI on health may have already died. Third, it may be possible that being overweight in later life confers a genuine health benefit, as frailty and underweight become increasingly important contributors to ill health. Finally, the number of people in the oldest age group, particularly those with high BMIs, is limited, resulting in reduced power in the elderly. Importantly it should be kept in mind that while RRs were lower in older than younger people, this may not necessarily translate to a lower absolute burden of hospitalisation attributable to overweight/obesity in older people than younger people; burden must also take into account the age-specific prevalence of overweight and obesity in the population (which is lowest in those aged X80) and the absolute rates of hospitalisation (which are highest amongst those aged X80).
There has been some uncertainty about the relationship between BMI and the risk of disease and hospitalisation, in particular regarding the level of BMI at which risk starts to increase in the population and whether the risk associated with obesity persists in the elderly. The incremental nature of the increasing risk of hospitalisation above the normal range of BMI found in this study shows that at the population level, even mild overweight increases risk, especially among those aged below 80 years of age. That a dose-response relationship was found after adjustment for a range of important confounders gives strength to the argument that above-normal BMI is causally linked to many diseases. The findings suggest that, all else being equal, populations with even a minor difference in the BMI distribution towards lower values could have substantially lower hospitalisation rates.
